The mechanism of alkyl-aryl Kumada coupling catalyzed by the nickel pincer complex Nickamine was studied. Experiments using radical-probe substrates and DFT calculations established a bimetallic oxidative addition mechanism. Kinetic measurements showed that transmetalation rather than oxidative addition was the turnover determining step. The transmetalation involved a bimetallic pathway.
Introduction
In recent years, significant progress has been made in nickel-catalyzed cross-coupling of alkyl halides with organometallic nucleophiles. [1] [2] [3] [4] However, the mechanistic understanding of these reactions is still limited. There is ample evidence that most coupling involves alkyl radicals originated from alkyl halides. 3, 4 This is consistent with the propensity of Ni to undergo single electron transfer reactions in oxidative addition of carbon electrophiles, documented in the classical organometallic literature. 5 For example, Hegedus proposed in 1975 that reactions of the isolated Ni(II) -allyl Br complex with alkyl halide produced first alkyl radical, 6 although he later revised the mechanism of this reaction to a SN 2 process. 7 Kochi showed in 1979 that oxidative addition of aryl halides on Ni(0) proceeded via a first single electron transfer. 8 On the other hand, the mechanism beyond the radical initiation step for the newly developed coupling reactions is largely speculative. Moreover, the actual catalysts in most systems are unidentified. By studying the reactivity of isolated Niterpyridine complexes, Vicic showed that for alkyl-alkyl Negishi coupling reactions catalyzed by the Ni-terpyridine combination, Ni(I) terpyridine alkyl complex rather than analogous Ni(II) species was the active species to react with alkyl halides. [9] [10] [11] Our group has developed a nickel(II) pincer complex [( Me N 2 N)Ni-Cl] (1, Nickamine) 12 as a catalyst for the coupling of unactivated alkyl halides with alkyl, aryl, and alkynyl Grignard reagents ( Figure 1 ). [13] [14] [15] [16] [17] The well-defined nature of Nickamine prompted us to study the mechanism of these Kumada coupling reactions. 18, 19 Recently, such study led to the discovery of a bimetallic radical oxidative addition mechanism for Ni-catalyzed alkyl-alkyl Kumada coupling. 20 In this mechanism, two nickel(II) alkyl species are involved in the oxidative addition of the alkyl halide, making the highest formal oxidation state of nickel during catalysis +3.
The study provided a rare example where the reaction pathways after the generation of alkyl radicals in Ni-catalyzed coupling of alkyl halides were thoroughly probed by experimental and computational methods. While the study was specific to the reactions catalyzed by 1, the groups of Weix, Mirica, and Tilley subsequently showed evidence for organometallic Ni(III) intermediates and the involvement of two Ni(III) species in related C-C coupling reactions. [21] [22] [23] The Nickamine catalyst is versatile. In addition to alkyl-alkyl Kumada coupling, it also catalyzes alkyl-aryl and alkyl-alkynyl Kumada coupling as well as alkyl-alkyl and alkyl-aryl Suzuki coupling. 24 To deduce a general trend in the catalysis by Nickamine and to enhance the understanding of Ni-catalysis, we studied several mechanistic features of the alkyl-aryl Kumada coupling which are described here.
Results

Radical Coupling
We previously reported evidence that the activation of alkyl halides produces alkyl radical intermediates in the alkyl-aryl coupling catalyzed by 1. For example, when (bromomethyl)cyclopropane was coupled to PhMgCl, the ring-opened product 4-phenyl-1-butene was isolated as the main product. 15 This result is consistent with the formation of cyclopropyl methyl radical which undergoes rapid ring-opening rearrangement. When 3 and 4-methyl cyclohexyl iodides were coupled to PhMgCl, a constant and high diastereoselectivity was obtained regardless of the initial ratios of the cis and trans-isomers. 17 This outcome can only be explained by the formation of substituted cyclohexyl radicals. 17 Based on literature of oxidative addition involving radicals, 5 three possible pathways can be proposed for the coupling: cage-rebound, escape-rebound, and bimetallic oxidative addition (Scheme 1). Kochi proposed a cage-rebound mechanism for the oxidative addition of aryl halide on Ni(0); 8 Finke showed that a Co(III) alkyl Coenzyme B12 model complex underwent a Co to carbon alkyl bond rearrangement via a free alkyl radical, i.e., escape-rebound rather than cage-rebound pathway because the latter was much slower; 25 and finally, oxidative addition on two metals was well known for 17 electron transition metal complexes. 5, 26 As reported before, the Ni(II) halide complex 1 is inactive towards alkyl halide, 12 while certain Ni(II) aryl species is active. 15 In the cage-rebound pathway (Path A), an organometallic Ni(II) aryl species activates alkyl halide to generate an alkyl radical and a formal Ni(III) halide spcies (although this Ni(III) species might be a Ni(II)-ligand cation complex).
Recombination of the alkyl radical with the Ni(III) species in the cage gives a formal Ni(IV) species which reductively eliminates the coupling product and regenerates a Ni(II) halide complex. The escape-rebound pathway (Path B) is different from the cage-rebound pathway in that the alkyl radical first escapes and then reenters the solvent cage to recombine with the formal Ni(III) halide complex to give the formal Ni(IV) species. In the bimetallic oxidative addition pathway (Path C), the alkyl radical escapes the solvent cage and recombines with a second molecule of Ni(II) aryl species to form a formal Ni(III) aryl alkyl species which reductively eliminates the coupling product and gives a Ni(I) species. C-C reductive elimination from Ni(III) intermediates were commonly proposed in Ni-mediated or catalyzed C-C bond forming reactions. Kochi provided evidence for such a reaction in 1975 27 and Mirica recently observed C-C reductive elimination from a Ni(III) aryl alkyl complex. 22 The Ni(I) species recombines with the formal Ni(III) halide complex to give two Ni(II) species which can reenter the catalytic cycle. The three proposed reaction pathways take no account of possible homolytic Ni-alkyl bond hemolysis and its influence in the outcome of the reactions. 26 This is reasonable because the homolysis is calculated to have significant kinetic barriers (see below).
Scheme 1.
There pathways for the alkyl-aryl coupling.
The three reaction pathways might be differentiated by the results of cross coupling of radical-probe substrates. 20, 28, 29 For the alkyl-alkyl coupling catalyzed by 1, 3-(2-bromoethoxy)prop-1-ene (2) is a suitable substrate. 20 Radical activation of 2 during catalysis gives radical 3, which is subject to a fast intramolecular rearrangement to give the cyclized radical 4. The ensuing coupling steps then transform 3 and 4 into the linear product 5 and the cyclized product 6 (Scheme 2). The dependence of the ratio of 5 to 6 on the catalyst concentration can be used to differentiate the reaction pathways in Scheme 1. The cage-rebound reaction is an intramolecular reaction and thus, it is zero order on the catalyst. The escape-rebound and bimetallic oxidative addition reactions, on the other hand, are intermolecular and should be first order with respect to catalyst. Therefore, the ratio of 5 to 6 should be independent to catalyst concentration if the cage-rebound pathway occurs, or be first-order in catalyst concentration if the escape-rebound or bimetallic oxidative addition pathway occurs.
For the coupling of 2 with n BuMgCl, a first order dependence of the ratio of the linear to cyclized product was observed, which ruled out the cage-rebound pathway. Scheme 2. Coupling reaction of substrate 2 as a mechanistic probe.
To extend the above study to the alkyl-aryl coupling by catalyst 1, the coupling of 2 with PhMgCl was conducted. However, only the cyclized product, 3-benzyltetrahydrofuran, was obtained under various loading of catalyst (Scheme 3). It appeared that the rearrangement of alkyl radical 3 in the alkyl-aryl coupling was too fast to enable the formation of both the linear and cyclized products. Indeed, both the linear (8) and the cyclized (9) coupling products were observed in the coupling of 7 with PhMgCl. The dependence of the ratio of 8 to 9 on the catalyst loading was then determined. The ratio is first order in catalyst loading (Figure 2) . Therefore, the alkyl-aryl coupling follows either the bimetallic oxidative addition or the escape-rebound pathway. The cage-rebound pathway is excluded. conducted to obtain an averaged ratio.
To provide additional insight into the cross-coupling mechanism density functional theory computations were undertaken. All structures were first optimized in Gaussian09 32 using the def2-SVP basis set 33 in tandem with Truhlar's M06 functional 34, 35 which accurately describes organometallic species. Refined energy estimates were then obtained from single point computations on the M06 geometries using the PBE0 36, 37 functional appended with a density dependent dispersion correction (-dDsC) [38] [39] [40] [41] to improve the energetic description of long-range non-bonded interactions. PBE0-dDsC computations used the TZ2P slater-type orbital basis set in ADF. 42, 43 Solvation corrections, also computed at the PBE0-dDsC/TZ2P//M06/def2-SVP level, were determined in THF solvent using Klamt's Continuum Solvation The alternative escape-rebound pathway commences with structure E1, which, based analysis of the computed spin density is a doublet Ni(III) halide (Br) complex and not a Ni(II) ligand cation complex 45, 46 owing to majority of the spin density being located on the nickel center (see SI Figure S10 Based on these findings, the bimetallic oxidative addition pathway is strongly preferred over the escape-rebound pathway based on its superior energetic profile (notably the barrierless association of the alkyl radical and small TS associated with reductive elimination of the alkyl-aryl product). In principle, these two pathways are interconnected by a reaction in which B1 abstracts a bromine atom from . Reaction free energies (in kcal/mol) computed at the PBE0-dDsC/TZ2P//M06/def2-SVP level (in THF solvent using the COMSO-RS solvation model) for the bimetallic oxidative addition and escape-rebound pathways.
Kinetics
The kinetics of the alkyl-aryl coupling catalyzed by 1 was measured. The coupling of octyl iodide with PhMgCl was chosen as the test reaction (eq 1).
The kinetic measurement necessitated a fast and at-once addition of the Grignard reagent. This was detrimental to the catalysis, which decomposed quickly. In our earlier protocol, a slow addition of Grignard was applied to circumvent this problem.
For the kinetics study, this modification is unsuitable. Instead, the temperature of the 
Discussion
The mechanistic study presented here favors a bimetallic oxidative addition pathway for the alkyl-aryl coupling catalyzed by Nickamine. This pathway is similar to the reaction pathway of the alkyl-alkyl coupling catalyzed by the same catalyst. The rate-determining step was the "redistributive " transmetalation of two Ni(L)(Ph)(Br) molecules to form Ni(L)(Ph) 2 and Ni(L)(Br) 2 (eq. 2). Reductive elimination from Ni(L)(Ph) 2 gave the biphenyl product.
As 
Conclusion
The mechanism of alkyl-aryl Kumada coupling reactions catalyzed by Nickamine was investigated. Reactions using a radical-probe substrate and DFT computations 
Coupling of PhMgCl with 6-bromo-1-hexene:
Typically, five reactions (five different concentrations of 1) were run simultaneously in order to maintain identical reaction conditions and to assure the quality of the data.
Prior to the experiments, the following solutions were prepared and the concentration of PhMgCl (2 M) was verified by a literature method prior to use: and 0.5 mL of solution C (0.3 mmol TMEDA) were combined and added slowly (~1h) to each vial by syringe pump under stirring. After the addition was complete, the solution was stirred for another 60 minutes. The reaction was quenched with water (5 mL), extracted with diethyl ether (2 x 10 mL), dried over Na 2 SO 4 and filtered. A GC vial was charged with 1 mL of the respective reaction mixture and analyzed. The yields, the conversions, and the ratios of products were obtained by GC-MS using C 12 H 26 as internal standard (the FID detector was used for the quantification).
The linear (8) and cyclic (9) products were isolated using the following conditions:
the solvent of the extracted solution after the catalysis was removed by rotary evaporation. After purification by preparative TLC using hexane/ethyl acetate (10/1), 8 and 9 were isolated as oils. The spectral properties of 8 and 9 match those reported in literature.
NMR data for 9: NMR data for for 8: 
Coupling of PhMgCl with 3-(2-bromoethoxy)prop-1-ene:
A similar procedure as the coupling with 6-bromo-1-hexene was applied, expect that the solution B was modified accordingly: The workup was identical to those of 8 and 9. The product 3-benzyltetrahydrofuran was isolated as a colorless oil. NMR data of 3-benzyltetrahydrofuran match those of the literature. 
Kinetic study -dependence on PhMgCl
Remark: Under standard catalytic conditions the Grignard reagent is added slowly by a syringe pump. If Grignard is added fast in one portion, decomposition of the catalyst was observed. Therefore, the reaction was cooled to avoid decomposition as a fast, at once addition of Grignard reagent was required. In a typical experiment, five reactions (five different concentrations of PhMgCl) were run consecutively in order to maintain identical reaction conditions and assure the quality of the data. Prior to the experiments, the following standard solutions were prepared: vs. log([octyl-I]) plot. Two independent trials were conducted for each experiment.
Computational Details
Geometry optimizations were performed at the M06-2X 
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